An Eocene-Oligocene calcareous nannofossil biostratigraphic framework for Ocean Drilling Program (ODP) Site 748 in the southern Indian Ocean is established, which provides a foundation for this and future quantitative biogeographic studies. This biostratigraphic analysis, together with quantitative nannofossil data, enables a reinterpretation of the preliminary magnetostratigraphy and a new placement for magnetic Subchron CBN in the lowermost Oligocene.
INTRODUCTION
The middle Eocene-Oligocene is a critical period in the developmental history of our planet. During this period, the climate cooled significantly, and the earth changed from an essentially non-ice mode into an ice mode. There were profound changes in sea level (Vail and Hardenbol, 1979; Haq et al., 1987) , global oceanic circulation patterns (Kennett, 1977 (Kennett, , 1983 , the carbonate compensation depth (Heath, 1969; Berger, 1973; Van Andel et al., 1975) , and marine and land biotas (Benson, 1975; Fischer and Arthur, 1977) . One of the 26-m.y. cyclic extinction events was proposed by Raup and Sepkoski (1984) to fall at the Eocene/Oligocene boundary. A number of authors (e.g., Alvarez et al., 1982; Asaro et al., 1982; Ganapathy, 1982) attributed the Eocene/Oligocene extinctions to extraterrestrial causes, a hypothesis that has engendered considerable debate (Keller et al., 1983; Keller, 1986) .
would suggest about 1°C drop in surface-water temperature at the site. Micropaleontologic studies by Haq and Lohmann (1976) and Keller (1983a) indicated that the Eocene/Oligocene cooling is a minor one compared with other episodes in the middle Eocene-Oligocene interval. A calcareous nannofossil study of the extremely high-latitude Site 689 by Wei and Wise (1990a) , however, suggested that the Eocene/Oligocene cooling in highlatitude surface waters was the most drastic and severe event during the Eocene-Oligocene interval.
Surface-water temperatures at different latitudes probably have significantly different histories. It may be misleading, therefore, to extrapolate surface-water history for the low or mid latitudes to the high latitudes, where data have been relatively rare. In this paper, we study quantitatively middle Eocene-Oligocene calcareous nannofossils from Site 748 in the high-latitude southern Indian Ocean in contrast to those from ODP Site 711 in the equatorial Indian Ocean (Fig. 1) . Our objectives are to contrast the nannofossil assemblages between the equatorial site and the high-latitude site, and to infer the surface-water temperature history based on changes in nannofossil assemblages at both sites. This is the first quantitative study of Paleogene nannofossil biogeography of the Indian Ocean. As such, it lays the foundation for more detailed studies in the future. Biostratigraphic and quantitative studies of the Neogene calcareous nannofossils from Site 748 and a number of other sites in the Southern Ocean are presented in Wei and Wise (this volume, Chapters 28 and 29) .
Calcareous nannofossils are the skeletal remains of calcareous nannoplankton that lived in the surface waters of the ocean. Mapping of the biogeography of modern calcareous nannoplankton (Mclntyre and Be, 1967; Okada and Honjo, 1973) has shown that their distribution patterns are closely related to the thermal structure of surface waters. This is because different species have different temperature preferences. This makes the paleobiogeography of calcareous nannofossils a useful tool in reconstructing paleotemperatures of the surface waters and a number of studies have used calcareous nannofossils successfully to indicate climatic changes (e.g., Mclntyre et al., 1970; Geitzenauer, 1969; Haq et al., 1977; Wei and Wise, 1990a) .
MATERIAL AND METHODS
Site 711 is located in the western equatorial Indian Ocean at 2°44.56'S and 61°09.78'E ( Fig. 1) at a water depth of 4428 m. The middle Eocene-Oligocene sedimentary interval consists of two lithologic units (Fig. 2) , both of which yielded abundant and generally well-preserved calcareous nannofossils. The 82-173 m below seafloor (mbsf) interval consists of carbonate-rich sediments that are virtually devoid of foraminifers. The sediments are characterized as nannofossil oozes or clay-bearing nannofossil oozes that become lithified toward the bottom of this unit and turn into clay-bearing nannofossil chalks. The 173-240 mbsf interval consists of radiolarian nannofossil chalks. Carbonate content is about 70%-80%. A few shorter intervals contain an almost pure radiolarian ooze. Age assignments for Site 711 samples analyzed in this study were based on the calcareous nannofossil biostratigraphy of Okada (1990) with minor modifications based on our observations of some datum levels, using the biomagnetostratigraphic correlation information compiled by Berggren et al. (1985) and Wei and Wise (1989) .
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igure 1. Locations of ODP Sites 711 and 748 in the Indian Ocean. Other DSDP/ODP sites discussed in the paper are also shown.
L. X X X X X X J X. X X X X X X X . X X X X X X X J X X X X X. X X X middle Eocene through the Oligocene sequence was recovered at a rate of nearly 100%. The interval is composed predominantly of nannofossil ooze with occasional influxes of diatoms or siliceous debris composed of diatoms, radiolarians, sponge spicules, and silicoflagellates (Fig. 2) . Sections 120-748B-14H-1 and -14H-2 contain abundant ice-rafted debris (Breza and Wise, this volume), which are coeval with a large positive shift in the δ 18 θ value of foraminifers (Zachos et al., this volume). Calcareous nannofossils are very abundant and moderately to well preserved. Paleomagnetic polarity measurements were carried out both aboard ship and in a shorebased laboratory, and the data appear to be very useful for establishing a magnetostratigraphy (Schlich, Wise, et al., 1989; Inokuchi and Heider, this volume) .
To better evaluate the preliminary magnetostratigraphy (Schlich, Wise, et al., 1989) and to establish an age-depth curve for Site 748, a prerequisite for discussing the paleoceanographic history, we first constructed a detailed nannofossil range chart. We recorded relative species abundances for one sample per core section or, in some critical intervals, multiple samples per core section, such as near the Eocene/Oligocene boundary where ice-rafted debris (Breza and Wise, this volume) and an abrupt δ 18 θ excursion (Zachos et al., this volume) have been reported. Smear slides were made directly from unprocessed samples and were examined with a light microscope at ×650 magnification. The abundance of calcareous nannofossils on each slide was estimated using the following criteria: V = very abundant (>IO specimens per field of view); A = abundant (1-10 specimens per field of view); C = common (1 specimen per 2-10 fields of view); F = few (1 specimen per 11-50 fields of view); R = rare (1 specimen per 51-200 fields of view); and B = barren (no specimen was found in >200 fields of view).
Preservation of the calcareous nannofossil assemblage is recorded as follows: G = good (little evidence of etching or overgrowth); M = moderate (etching or overgrowth is apparent); P = poor (there is significant etching or overgrowth and identification of some species is impaired).
Calcareous nannofossil species considered in this paper are listed in the appendix, where they are arranged alphabetically by generic epithets. Bibliographic references for these taxa can be found in Loeblich and Tappan (1966 , 1970a , 1970b , 1971 , 1973 , Heck (1979a , 1979b , 1980a , 1980b , 1981a , 1981b , 1982a , 1982b ), or Steinmetz (1985a , 1985b , 1986 , 1987a , 1987b , 1988a , 1988b .
The high-latitude nannofossil zonation of Wei and Wise (1990b) is used in this study, with the erection of the last occurrence (LO) of Reticulofenestra bisecta as the marker for the Oligocene/Miocene boundary (Fig. 3) . The nannofossil datums used in this zonation have been correlated with the magnetostratigraphy in the Southern Ocean at ODP Sites 689, 690 (Wei and Wise, 1990b , in press a), and 744 .
For the quantitative study of calcareous nannofossil assemblages from Sites 711 and 748, about 300 specimens were counted along random traverses of each smear slide using both phase-contrast and cross-polarized light microscopy. Grouping of some taxa was necessary during our collection of the census data. The justification and detailed descriptions of the groupings have been provided in Wei and Wise (1990a) and will not be repeated here. The census data for Sites 711 and 748 are given in Tables 1 and 2 , respectively.
REINTERPRETATION OF THE PRELIMINARY
MAGNETOSTRATIGRAPHY Relative abundances of calcareous nannofossil species for the middle Eocene-lowest Miocene interval at Site 748 are presented in Table 3 . Stratigraphic levels of nannofossil datums at Site 748 are illustrated in Figure 4 , in which the preliminary magnetostratigraphy given in Schlich, Wise, et al. (1989) is also shown. The estimated ages of some nannofossil datums based on previous studies are summarized in Table 4 .
There is an abrupt increase in the abundance of cool-water taxa around 115.5 mbsf, coincident with a large δ 18 θ shift (Fig.  4) . A similar phenomenon was recorded at Site 689 on Maud Rise (Wei and Wise, 1990a; Stott et al., 1990 ; see further discussion later in this paper), where the nannofossil and isotope events occur at the bottom of magnetic Subchron C13N (Spieß, 1990) , or at about 35.7-36.0 Ma using the time scale of Berggren et al. (1985) . At Site 744, which is south of Site 748, a positive δ 18 θ shift of similar amplitude was recorded at the bottom of Subchron C13N . Coeval with this δ 18 θ shift is an abrupt increase in the abundance of cool-water nannofossil taxa (Wei, unpubl. data, 1990) . The oxygen isotope excursion is also well calibrated at the bottom of magnetic Subchron C13N at mid-latitude DSDP Site 522 (Poore et al., 1984; Oberhànsli and Toumarkine, 1985) and at a number of other low-or mid-latitude sites (i.e., DSDP Sites 77, 292, 563, and 593) at 35-36 Ma as dated by biostratigraphic data (Hess et al., 1989) . In other words, the oxygen isotope event has previously been found at various latitudes consistently near the bottom of Subchron CBN but never far above it. Consequently, the Subchron CBN identified in Schlich, Wise, et al. (1989) in the 118-119 mbsf interval, far below the abrupt increase in cool-water taxa and the δ 18 θ shift at Site 748, is most likely in error. This magnetic normal interval was recognized by shipboard cryogenic measurements that did not yield a consistent magnetic normal value. Furthermore, these shipboard determinations have not been supported by shorebased analysis of discrete demagnetized samples, which provide more reliable data than those determined using the whole-core, pass-through magnetometer aboard the ship. Specifically, the shore-based analyses of all the discrete samples from the middle part of Core 120-748B-14H show reversed polarity (Inokuchi and Heider, this volume) rather than normal, as indicated by the shipboard results (Schlich, Wise, et al., 1989, p. 202, fig. 37 ). The bottom of Subchron CBN is most likely to be at 115 mbsf, nearly coincident with the abrupt increase in abundance of cool-water taxa and the δ 18 θ shift.
Two calcareous nannofossil species datums also support this reinterpretation of the magnetostratigraphy. The LO of Reticulofenestra oamaruensis has a consistent age of 36.0 Ma at Sites 689 and 744 (Fig. 5) , both of which are Southern Ocean sites. The LO of Isthmolithus recurvus has an age of about 34.6 Ma at a number of mid-to high-latitude sites (Fig.  6 ). Moving the bottom of Subchron CBN up to 115 mbsf would give an age-depth curve that fits the magnetic subchron boundaries and the two nannofossil datums quite well (Fig. 7) .
The first occurrence (FO) of Reticulofenestra reticulata is located at 171 mbsf. This datum has been found to be associated with Subchron C18R or Subchron C19N Wise, 1989, 1990b) , we interpret the magnetic normal event in the 161-162 and the 164-165 mbsf intervals as Subchron C18N. This interpretation also requires minimum change in the sedimentation rates of Cores 120-748B-18H and -19H.
Based on the above discussion, we have reinterpreted the magnetostratigraphy at Site 748 as shown in Figure 8 . Inokuchi and Heider (this volume) concur with these interpretations. Age assignments for Site 748 samples analyzed in this study are based on the age-depth curve constructed using the magnetostratigraphic and nannofossil datum information given in Figure 8 . Figure 8 shows that there is a succession of calcareous nannofossil extinctions at Site 748 from the middle Eocene through the Oligocene. Several species originated in this middle Eocene-early Oligocene interval. The consequence of more extinctions than originations in this interval is a decrease of species diversity through time. There is, however, no extinction here associated with the Eocene/Oligocene boundary, which is located within the lower part of Core 120-748B-14H. In fact, there are no more than two species extinctions at any stratigraphic level. In other words, no mass extinctions at the Eocene/Oligocene boundary or stepwise extinctions were recorded at Site 748.
EXTINCTIONS AND SPECIES DIVERSITY
Changes in simple species diversity (number of species) from sample to sample at Sites 711 and 748 are shown in Figure 9 . The data are taken from the range charts of Site 711 (Okada, 1990) and Zones of Wise (1983) Reticulofenestra bisecta
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Discoaster bifax Figure 3 . The high-latitude zonation of Wei and Wise (1990b) used in this study with the erection of the LO of Reticulofenestra bisecta as the marker for the Oligocene/Miocene boundary, and its correlation with the zonations of Okada and Bukry (1980) and Wise (1983) . 9 that species diversity is generally more than twice as high at equatorial Site 711 than at high latitude Site 748, suggesting a significant latitudinal biogeographic gradient during the middle Eocene-Oligocene interval. Species diversity at both sites decreased from the middle Eocene to the early Oligocene, but no abrupt decrease in species diversity occurred at the Eocene/Oligocene boundary at either site. A large drop in species diversity, however, was recorded in the 35-34 Ma interval at Site 711, where Coccolithus formosus, Bramletteius serraculoides, Helicosphaera perch-nielsenae, and Helicosphaera wilcoxonii disappeared (Okada, 1990) . Species diversity increased slightly in the late Oligocene. At Site 748 species diversity decreased gradually from the middle Eocene through the Oligocene. This is because most of the species at the site were already cool-or cold-water forms, and they could survive better than warm-water species for any further drops in water temperature. 120-748A-10H-1, 10-11 10H-2, 10-11 10H-3, 10-11 10H-4, 10-11 10H-5, 10-11 10H-6, 10-11 11H-2, 10-11 11H-3, 10-11 11H-4, 10-11 11H-5, 10-11 11H-6, 10-11 11H-7, 10-11 12H-2, 10-11 12H-3, 10-11 12H-4, 10-11 12H-5, 10-11 12H-6, 10-11 13H-1, 10-11 13H-2, 10-11 13H-3, 10-11 13H-4, 10-11 13H-6, 10-11 14H-1, 10-11 14H-1, 66-67 14H-1, 104-106 14H-1, 145-146 14H-2, 7-8 14H-2, 24-25 14H-2, 35-36 14H-2, 54-55 14H-3, 9-10 14H-4, 9-10 14H-5, 9-10 14H-6, 9-10 14H-7, 9-10 15H-1, 10-11 15H-2, 10-11 15H-4, 10-11 15H-6, 10-11 16H-2, 10-11 16H-4,10-11 16H-6,10-11 17H-1, 10-11 17H-3, 10-11 17H-5, 10-11 18H-1, [10] [11] [10] [11] [10] [11] [10] [11] [10] [11] [10] [11] [10] [11] [10] [11] [10] [11] pel. 
ABUNDANCE PATTERNS OF NANNOFOSSIL TAXA
Abundance patterns of nannofossil taxa at Sites 711 and 748 are graphically presented in Figures 10 and 11 , respectively. Coccolithus formosus, discoasters, and sphenoliths were recorded only in the middle Eocene at high-latitude Site 748, whereas these taxa are abundant throughout much of the Eocene and Oligocene at equatorial Site 711. These results agree with those of Wei and Wise (1990a) , who showed through their South Atlantic latitudinal transect that these taxa increase in abundance toward lower latitudes and thus can be classified as warm-water taxa. On the other hand, Reticulofenestra daviesii is abundant at Site 748, especially in the Oligocene, whereas this species is absent at Site 711. Isthmolithus recurvus is common at Site 748, but it is not recorded at Site 711. Chiasmoliths are abundant at Site 748, but their abundance is greatly reduced at Site 711. These taxa have also been shown to increase in abundance toward higher latitudes in the South Atlantic and can be classified as coolwater taxa (Wei and Wise, 1990a) .
It is notable that Reticulofenestra bisecta first occurred at -40.5 Ma at both equatorial Site 711 and high-latitude Site 748. However, this species first occurred earlier at midlatitude sites, such as DSDP Sites 360, 516, and 523, at about 14H-2, 7-9 14H-2.9-10 14H-2. 24-26 14H-2, 35-39 14H-2, 54-56 14H-3, 9-10 14H-4, 9-10 14H-5.9-10 14H-6, 9-10 14H-7, 9-10 15H-1, 10-11 15H-2, 10-11 15H-3, 10-11 15H-4, 10-11 15H-5, 10-11 15H-6, 10-11 15H-7, 10-11 16H-1, 110-111 16H-2, 10-11 16H-3, 10-11 16H-4, 10-11 16H-5, 10-11 16H-6, 10-11 16H-7, 10-11 17H-1, 10-11 17H-2, 10-11 17H-3, 10-11 17H-4, 10-11 17H-5, 10-11 17H-6, 10-11 17H-7, 10-11 18H-1, 10-11 18H-2, 10-11 18H-3, 10-11 18H-4, 10-11 18H-5, 10-11 18H-6, 10-11 18H-7, 10-11 19H-1, 10-11 19H-2, 10-11 19H-3, 10-11 19H-4, 10-11 19H-5, 10-11 19H-6, 10-11 19H-7 . 10-11 20H-1, 10-11 20H-2, 10-11 20H-3, 10-11 20H-4, 10-11 20H-5, 10-11 20H-6, 10-11 20H-7, 10-11 
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XJ E 43 Ma (Wei and Wise, 1990a) . This suggests that mid-latitude waters provided more favorable conditions for/?, bisecta, and the species can be referred to as a temperate-water species. It is also interesting to note that Reticulofenestra reticulata is about twice as abundant at high latitude Site 748 than at equatorial Site 711. A similar phenomenon has been observed in the South Atlantic where high-latitude Site 689 yielded twice as many R. reticulata as the mid-latitude sites (e.g., DSDP Sites 360, 516, and 523; Wei and Wise, 1990a) . This contradicts the conclusions of Bukry (1977) and Aubry (1983) , who classified R. reticulata as a warm-water species.
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Based on the distribution patterns of calcareous nannofossil taxa in the South Atlantic latitudinal transect and on the results of a cluster analysis, Wei and Wise (1990a) were able to group the nannofossil taxa into warm-, temperate-, and cool-water taxa. They found it more useful to observe the abundance changes through time of warm-and cool-water taxa groups than those of individual species, which usually yield less robust interpretations because of floral evolution and small errors in the census data. Following this method, we present the abundance changes of warm-water taxa at Site 711 and cool-water taxa at Site 748 in Figures 12 and 13 , respectively. The abundances of cool-water taxa at Site 711 and warm-water taxa at Site 748 are very low (generally less than a few percent), and their changes are not considered statistically significant. Figure 12 indicates that there is a trend of decreasing abundance of warm-water taxa from the middle Eocene through the early Oligocene at Site 711. The abundance of warm-water taxa increased from -30% in the early Oligocene to -40% in the late Oligocene. It is interesting to note that the pattern of abundance change is quite similar to that of species diversity change at the site, with a general decrease from the middle Eocene to early Oligocene and a slight recovery in the late Oligocene.
The most distinct feature in Figure 13 is that there is an abrupt increase in the abundance of cool-water taxa (from -20% to over 90%) at Site 748 within less than 0.5 m.y., from 36.3 Ma to 35.9 Ma. Coincident with this event is a large positive shift in the δ 18 θ value of planktonic foraminifers, from -0.9‰ to nearly 1.9‰ (Fig. 13) . This sharp increase in cool-water taxa coeval with a large shift in the 18 O value of foraminifers has previously been recorded at Site 689 (Wei and Wise, 1990a , in press a; Stott et al., 1990 ; Fig. 14) , a high-latitude site in the South Atlantic sector of the Southern Ocean (65°S latitude). The abundance of cool-water taxa remained relatively high for the rest of the Oligocene at both Site 748 (Fig. 13) and Site 689 (Fig. 14) .
DISCUSSION
The discovery of an iridium anomaly at the Cretaceous/ Tertiary boundary in a number of sections led Alvarez et al. (1980) tions were the result of an extraterrestrial impact. Similarly, the simultaneous deposition of the North American tektites field and the extinction of five radiolarian species at the Eocene/Oligocene boundary (Glass and Zwart, 1979) led some authors (e.g., Alvarez et al., 1982; Asaro et al., 1982; Ganapathy, 1982) to suggest that a bolide event caused mass extinctions at the Eocene/Oligocene boundary. The EoceneOligocene extinctions have been prominently figured in the discussions of extinction periodicity, first proposed by Fischer and Arthur (1977) and Raup and Sepkoski (1984) . The misconception was fostered by an overemphasis of the Terminal Eocene Event, which was the subject of IGCP Project 174 (Pomerol and Premoli-Silva, 1986) . Calcareous nannofossil data from Sites 711 and 748 show no mass extinctions at or near the Eocene/Oligocene boundary, in agreement with the results of Corliss et al. (1984) . Instead, our data show that there is an abrupt increase (within 0.5 m.y.) in the abundance of cool-water taxa shortly after the Eocene/Oligocene boundary at Site 748, indicating a sharp cooling of the surface waters in the high latitudes. The drop in surface-water temperature at Site 748 must be larger than 4°C because the cool-water nannofossil population change from -20% to >90% is the same magnitude as that from -30° to 65°S latitude in the late Eocene South Atlantic (Wei and Wise, 1990a) , and the surface-water temperature difference between these latitudes at that time was at least 4°C (Shackleton and Boersma, 1981) . This has important implications for the ice-volume change on Antarctica, as discussed below.
Zachos et al. (this volume) recorded about l.O‰ increase in the δ
18 θ values of planktonic foraminifers slightly above the Eocene/Oligocene boundary, at the same level that an abrupt increase in the abundance of cool-water taxa was found ( Miller et al. (1985) , DSDP Sites 558 and 563 (thinner lines); Parker et al. (1985) , DSDP Sites 558 and 563 (thicker lines); Backman (1987) , DSDP Site 522 (thinner line); Poore et al. (1984) , DSDP Site 522 (thicker line), DSDP Site 523; Wei and Wise (1989) , DSDP Site 516; Wei and Thierstein (1991) , ODP Site 744; Wei and Wise (1990b) , ODP Sites 689 and 690. 13). They interpreted that most of the δ 18 θ value increase was caused by increased global ice volume and only about 0.2%0 .3%o increase was due to a drop (~1°C) in surface-water temperature at the site. This was based on the observation of a coeval occurrence of ice-rafted debris (Breza and Wise, this volume) and the δ 18 θ shift plus their compiled latitudinal δ 18 θ gradient data (Zachos et al., this volume). These authors observed from their regression curves that there is only little change in the latitudinal δ 18 θ gradient between the late Eocene and early Oligocene (only 0.2%o-0.3%c increase at 70°S latitude). This would suggest that surface waters in the high latitude cooled about 1°C from the late Eocene to the early Oligocene; otherwise, the latitudinal δ 18 θ gradient would have been steeper from the late Eocene to the early Oligocene because surface-water temperatures in the tropics are supposed to remain fairly stable. This interpretation is rooted in a previous study by Keigwin and Corliss (1986) .
There are several uncertainties in this interpretation:
1. The data Keigwin and Corliss (1986) and Zachos et al. (this volume) used to construct the latitudinal δ 18 θ gradients are rough averages of late Eocene and early Oligocene δ 18 θ values for planktonic foraminifers, and they are dependent on the density and distribution of the data used in the calculation. For example, if more data points from a 39-40 Ma interval are used than from a 37-38 Ma interval, the calculated result of the late Eocene δ 18 θ values could be significantly different from one that uses more data from the 37-38 Ma interval than from the 39-40 Ma interval.
The latitudinal δ
18 θ gradients for the late Eocene and early Oligocene represented by linear regression lines (Keigwin and Corliss, 1986) or polynomial regression curves (Zachos et al., this volume) also depend on the density and distribution of the data points chosen along different latitudes. With only a few data points in the high latitudes (Keigwin and Corliss, 1986; Zachos et al., this volume) , the regression lines (curves) were largely determined by the low-and mid-latitude data points.
3. The R 2 values for the regression lines (curves) are 0.65 or lower (Keigwin and Corliss, 1986; Zachos et al., this volume) , indicating a rather poor fit of the data in the regression lines (curves). The latitudinal gradients obtained from those data sets show only general trends, which have large uncertainties in terms of value when considered statistically.
4 At best, the regression lines (curves) can depict the latitudinal δ 18 θ gradients of the surface waters, but should not be viewed directly as latitudinal thermal gradients. For instance, the latitudinal δ 18 θ gradient for the Holocene was shown to bẽ 3.4% O between 0° and 60° latitude (Keigwin and Corliss, 1986) , which would give an apparent temperature difference of onlỹ 14°C between the equator and 60° latitude. This direct interpretation is apparently wrong because the real temperature difference is about 28°C. Other factors, such as salinity variations in the surface-waters at different latitudes, complicate the interpretation of the δ 18 θ values in terms of surface-water temperatures (see discussion in Wei and Wise, 1990a) .
Based on the above discussion, it is clear that one must view with caution the hypothesis that the latitudinal thermal gradients remained virtually the same from late Eocene to early Oligocene times and that there was little further cooling in the high-latitude surface waters throughout this time. Calcareous nannofossil data from Site 748 suggest that there was a profound cooling in the high-latitude surface waters shortly after the Eocene/Oligocene boundary, and this sharp cooling was the most drastic and severe event during the EoceneOligocene interval. The latitudinal thermal gradient increased considerably at this time. Calcareous nannofossil data from Site 689 on Maud Rise agree with this result (Fig. 14) . Moreover, coeval with the abrupt increase in cool-water taxa at Site 689 was a major and rapid change in the composition of clays derived from East Antarctica . The smectite-dominated assemblages, typical products of chemical weathering under warm continental conditions, were replaced by clays dominated by illite and chlorite, typical products of physical weathering of parent rocks. This also indicates a drastic cooling on Antarctica near the Eocene/ Oligocene boundary. If our estimate of the surface-water temperature drop of 4°C or more in the Eocene/Oligocene boundary transition at Site 748 is correct, the temperature drop would account for at least a 0.9‰ increase in the δ 18 θ values of planktonic foraminifers as recorded by Zachos et al. (this volume) . The remaining 0. l%c or less increase in the δ 18 θ value can then be attributed to the increase of ice volume in Antarctica. This estimated 0. \%o change in isotope composition caused by an increase in ice volume is compatible with data from the tropics, such as that from DSDP Site 292, where planktonic foraminifers show a small increase (0.2‰) in δ 18 θ values (Keigwin and Corliss, 1986, Grazzini and Oberhànsli, 1986) . A temperature decrease of 1°-2°C across the Eocene/ Oligocene boundary transition in the mid-latitude surface waters is most likely, judging from the population change of planktonic fossils (Keller, 1983b; Wei and Wise, 1990a) . This temperature drop would account for an ~0.4%o increase in the δ 18 θ values. The remaining ~0.1%o can then be attributed to an isotope composition change in the sea waters caused by the increased ice volume on Antarctica. The latitudinal decrease in the amplitude of the δ 18 θ shift recorded in planktonic foraminifers, with the largest in the high latitudes and the smallest in the low latitudes, has previously been noted by a number of investigators (e.g., Keigwin, 1980; Keigwin and Corliss, 1986; Vergnaud Grazzini and Oberhànsli, 1986) . This phenomenon is a strong indication that the δ 18 θ shift is primarily a temperature drop in the high and mid latitudes, with a minor proportion attributed to the isotope composition change in sea waters caused by an increased ice volume on Antarctica. If we assume that the average δ 18 θ value for the ice on Antarctica in the Paleogene was about -30‰, or 20‰ heavier than that of the present Antarctic ice sheet (Shackleton and Kennett, 1975) , and take 1380 × I0 6 km 3 as the volume of the oceans during the Paleogene, an increase of 0. \%o in the δ 18 θ value of the world's oceans means that the ice volume on Antarctica increased about 4.6 × I0 3 km 3 (-20% of the present Antarctic ice sheet).
Because abundant ice-rafted debris has been found in the lowest Oligocene at ODP Sites 738, 744 (Ehrmann, 1991) , and 748 (Breza and Wise, this volume), and extensive lowermost Oligocene glaciomarine sediment has been recovered in the Ross Sea (Barrett et al., 1989) and in Prydz Bay, East Antarctica (Barron, Larsen, et al., 1989) , it has been inferred that the Antarctic ice sheet extended further seaward (at least in some areas) in the earliest Oligocene than today Wise et al., 1991, and this volume; Wei, this volume, Chapter 64) . In terms of volume, the ice-sheet model of Robin (1988) suggests that the ice sheet in the earliest Oligocene reached virtually the same size as the present one. If we tentatively take the volume of the earliest Oligocene ice sheet as only half the size of the present one, an ice sheet 40% the size of the present one could exist in the latest Eocene based on our interpretation of the nannofossil and δ 18 θ data as discussed above. We note that this interpretation is not incompatible with the findings in Prydz Bay, where long sequences of glaciomarine sediment below the lower Oligocene glaciomarine sediment indicate extensive glacial activities on Antarctica in the earliest Oligocene and possibly as early as the middle Eocene . In fact, significant ice on Antarctica in the early and middle Eocene is also a possibility, as discussed by Wei (this volume, Chapter 63). CONCLUSIONS Eocene-Oligocene calcareous nannofossil biostratigraphy and the quantitative nannofossil data for Site 748 have enabled us to reinterpret the preliminary magnetostratigraphy. Calcareous nannofossil species diversity is low at Site 748 relative to lower latitude sites, with about 13 taxa in the middle Eocene and decreasing to about 6 in the late Oligocene. There is, however, no apparent mass extinction at any stratigraphic level, including the Eocene/Oligocene boundary. Similarly, no mass extinctions were recorded at or near the Eocene/Oligocene boundary at Site 711. Species diversity at equatorial Site 711 is significantly higher, with a maximum of 39 species in the middle Eocene and a minimum of 14 species in the early Oligocene. The abundance patterns of nannofossil taxa are also quite different at the two sites. Chiasmoliths, Isthmolithus recurvus, and Reticulofenestra daviesii are abundant at high-latitude Site 748, but their abundances are greatly reduced or are virtually absent at equatorial Site 711. On the other hand, limited Coccolithus formosus, discoasters, and sphenoliths were recorded only in the middle Eocene at Site 748 in contrast to their high abundances at Site 711. This indicates that there was a significant latitudinal biogeographic gradient between the equatorial region and the high latitudes of the Indian Ocean for the middle Eocene-Oligocene interval.
The abundance change in warm-water taxa is similar to the change in species diversity at Site 711. There is a general trend of decreasing abundance of warm-water taxa from the middle Eocene through the early Oligocene at Site 711, suggesting a gradual cooling of the surface waters in the equatorial Indian Ocean. The abundance of warm-water taxa increased in the late Oligocene, in association with an increase in species diversity, and this increase may reflect a warming of the surface waters in the late Oligocene.
The most distinct feature at high-latitude Site 748 is an abrupt increase in the abundance of cool-water taxa (from -20% to over 90%) in less than 0.5 m.y., from 36.3 Ma to 35.9 Ma. Coincident with this event was an ~l.O‰ positive shift in δ 18 θ values of planktonic foraminifers. This sharp increase in cool-water taxa coeval with a large positive shift in δ 18 θ values has previously been recorded at the bottom of magnetic Subchron C13N (-35.9 Ma) at ODP Site 689 in the Weddell Sea and is believed to be a useful biostratigraphic event for locating the bottom of Subchron C13N in the Southern Ocean. The abrupt increase in cool-water taxa coeval with a large positive shift in δ 18 θ values of planktonic foraminifers suggests that the high-latitude surface waters drastically cooled around 36.3-35.9 Ma. The temperature drop was estimated to be >4° at Site 748 (accounting for >0.9%o increase in δ 18 θ values), based on the nannofossil population change at Site 748 relative to the latitudinal biogeographic gradient established in the South Atlantic Ocean (Wei and Wise, 1990a Age (Ma) 
